Interferon Regulatory Factor (IRF) family members, especially interferon regulatory factor-1 (IRF-1) and interferon regulatory factor-8 (IRF-8 or ICSBP), play important roles in interferon signaling in a wide range of host responses to infection and tumor growth.
Interleukin-27 (IL-27), as a member of the IL-12 cytokine family, not only acts as a proinflammatory cytokine that regulates the differentiation of naive T helper cells but also possesses anti-inflammatory properties. IL-27 consists of Epstein-Barr virus (EBV)-induced gene 3 (EBI3) and p28 subunits. Our previous work has shown that IRF-1 regulates IL-27 p28
gene transcription by specifically binding to the IRF-1 response element in the p28 promoter. In this study, we found that IRF-8 deficient macrophages were highly defective in the production of IL-27 p28 at both mRNA and protein levels. Circulating IL-27 p28 in serum was also decreased in IRF-8 -/-mice in a septic shock model. LPS, as a potent inducer of IL-27 p28 expression, could activate IRF-8 expression in a MyD88 dependent pathway, which in turn induced p28 gene transcription through NF-кB and/or IRF-8. Transcriptional analyses revealed that IRF-8 activated p28 gene transcription through binding to a site located at -57 to -48 in the p28 promoter overlapping the IRF-1 binding site. Consistent with this observation, over-expression of both IRF-8 and IRF-1 additively activated IL-27 p28 promoter. This study provides further mechanistic information regarding how signals initiated during innate and adaptive immune responses synergize to yield greater IL-27 production and sustained cellular immunity.
Interferons (IFNs), including type I and type II IFNs, are cytokines that effectively enhance host defenses against various infections and immunosurveillance against tumors (1) . IFN-γ, the only member of the type II IFN family, is produced by a variety of cell types including NK cells, NK T cells, CD4
+ and CD8 + T cells, and essential for mounting cellular immune responses against intracellular pathogens such as Mycobacteria tuberculosis and Leishmania major. IFN-γ also plays an important role in the chronic nature of inflammatory responses associated with atopic dermatitis, rheumatoid arthritis, and systemic lupus erythematosus (1) . IFN-γ acts on a remarkable range of distinct cell populations including immune and nonimmune cells. Of these, macrophages are among the most important. IFN-γ can directly activate microbicidal functions and promote antigen processing and presentation in macrophages (2) . The impact of IFN-γ on macrophage phenotype and function is achieved by a profound alteration of the macrophage transcriptional program in response to IFN-γ. It has been reported that exposure to IFN-γ results in changes in expression of 25% of the mouse genome in macrophages (3) . Among those genes, interferon regulatory factors (IRFs) are major members activated by IFN-γ and essential for many IFN-γ mediated responses.
The IRF family consists of nine transcription factors that commonly possess a unique helix-turnhelix DNA-binding motif at the N-terminus and an activation domain in the C-terminus (4). IRF-1, the first member of the IRF family to be identified, targets different sets of genes in various cell types in response to diverse cellular stimuli and evokes appropriate innate and adaptive immune responses (4) . Our previous studies demonstrated that IFN-γ induced IRF-1 differentially regulates IL-12 p35 and p40 gene expression in macrophages (5) . IRF-1 has been well established as a critical effector molecule in IFN-γ-mediated signaling and in the development and function of NK cells, NK T cells and cytotoxic T lymphocytes (6) (7) (8) (9) (10) (11) . IRF-1 also has direct antiproliferative effects, thus acting as a tumor suppressor and tumor susceptibility gene (12) . IRF-8, also known as interferon consensus sequence binding protein (ICSBP), is restricted in its expression to myeloid and lymphoid cell lineages (13) and seems to have broader effects on microbial-induced cytokine production than IRF-1. IRF-8 can function both as a transcriptional repressor and as an activator depending on the partners that it interacts with, and plays crucial roles in myeloid differentiation, generation of plasmacytoid dendritic cells (14) , macrophage activation, and tumor suppression (4, 14) . Previous studies indicated that IRF-8 activates IL-12 p35 gene transcription in synergy with IRF-1 (15) , and enhances CCL5 gene transcription in cooperation with PU.1, NF-κB and IRF-1 (16) , respectively. However, little is known whether IRF-8 can regulate IL-27 expression.
IL-27 is a newly discovered IL-12 family cytokine. As all members of the family, it is composed of two different subunits: Epstein-Barr virus (EBV)-induced gene 3 (EBI3) and p28 (17) . IL-27 is mainly produced by macrophages and dendritic cells (DCs) in response to microbial infection, and plays an important role in autoimmune disease and host defense against infection (18) . In combination with IL-2 and/or IL-12, IL-27 enhances the production of IFN-γ by naïve CD4 + T cells and NK cells (18) . The molecular basis for IL-27-mediated proinflammatory events involves activation of STAT-1 and T-bet, which increase expression of the IL-12 receptor β2 chain on naïve CD4 + T cells (17, (19) (20) . These effects result in enhanced Th1 responses. Mice deficient in EBI3 or the IL-27 receptor WSX-1 displayed increased susceptibility to Leishmania major (21-23) due to reduced IFN-γ-producing Th1 cells during the initial stages of parasite infection, demonstrating a direct role for IL-27 in promoting protective T cell responses. Furthermore, exacerbation of experimental allergic asthma was observed in WSX-1 deficient mice through facilitating the T helper cell differentiation into the Th2 lineage (24) . The inhibitory effects of IL-27 on Th2 cells are mediated by inhibition of the expression of the Th2 master transcription factor, GATA3 (25) . Recent studies also indicate that IL-27 has potent anti-tumor effects. The antitumor activities of IL-27 against colon carcinoma and neuroblastoma mainly depend on CD8 + T cells, IFN-γ and T-bet (26) (27) (28) (29) , and the anti-B16 melanoma effect seemed to act through suppression of angiogenesis (30) .
IL-27 has also been shown to have antiinflammatory effects in several murine disease models (18, 31) . IL-27 receptor WSX-1 knockout mice infected with T. cruzi and M. tuberculosis displayed lower pathogen tissue burdens postchallenge (32) (33) . However, the WSX-1 knockout mice in these studies and in another study with T. gondii infection (34) developed increased pathologic lesions and mortality. Murine models of experimental autoimmune encephalomyelitis (EAE) and Toxoplasma infection demonstrated that elevated Th17 cells exacerbated disease in IL-27 receptor WSX-1 deficient mice (35) (36) . It was further demonstrated that IL-27 inhibited the Th17 cell differentiation driven by IL-6 and TGF-β in a STAT-1 dependent, IFN-γ-independent pathway (35) (36) , indicating that suppression of Th17 cells by IL-27 can inhibit both autoimmunity and pathogenic responses to infection. A recent report indicates that during intestinal inflammation Th17 cells suppressed Th1 cell development by inhibiting T-bet, IL-12R-β2 and osteopontin expression (37) , demonstrating a reciprocal inhibition between Th17 and Th1 cells. The antiinflammatory effects of IL-27 can also be achieved through induction of IL-10 in T cells. Recent studies demonstrate that IL-27 can activate CD4 + , CD8 + and Foxp3 -T cells to produce IL-10 (36,38-41), which may be important for the immunomodulatory function of IL-27 in certain autoimmune diseases such as EAE and collagen induced arthritis.
IL-27 expression is regulated through both MyD88 dependent and independent pathways. It has been reported that in human macrophages and DCs the adaptor protein Trif mediated TLR3-induced IL-27 production (42) whereas another adaptor protein MyD88 mediated TLR4/8-induced IL-27 production (42) (43) . TLRs such as TLR3, TLR4 and TLR7/8, activated by pathogen associated molecular patterns (PAMPs), could induce IL-27 production through induction of type I interferon which further increased the binding of IRF-1 and IRF-3 but not IRF-8 to the p28 promoter and led to production of IL-27 (42, (44) (45) . Consistent with this notion, TLR2 agonist Pam3Cys, which does not induce IFN-α/β, failed to induce IL-27 gene expression. These studies suggest that type I and type II interferon regulate IL-27 expression through different pathways.
Given the importance of IL-27 in regulating host responses and lack of knowledge about how this cytokine is regulated by IRF-8, this current study goal was to investigate the molecular mechanisms that regulate p28 subunit gene expression in macrophages activated by bacterial LPS and IFN-γ, with a focus on intracellular and nuclear effectors. Our study reveals that both MyD88 dependent and independent mechanisms of IRF-8 expression activate IL-27 p28 gene expression in synergy with IRF-1 at the level of transcription. -/-mice originated from Dr. Akira. All mice used in the experiments were female at 6~8 week old, housed in cages with filter tops in a laminar flow hood, fed food and acid water ad libitum at Saint Louis University Animal Facilities in accordance with the principles of Animal Care (NIH publication number 85-23, revised 1985). For inducing endotoxic shock, mice were injected intraperitoneally (ip) with E. coli Lipopolysaccharide (Sigma-Aldrich, St. Louis, Missouri) (200 µg/mouse). Four hours later, mice were sacrificed for collection of serum and for isolation of spleens.
EXPERIMENTAL PROCEDURES
Reagents-Antibodies for IRFs used in this study were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). Recombinant mouse IFN-γ was purchased from Genzyme (Boston, MA). LPS from Escherichia coli 0217:B8 was purchased from Sigma-Aldrich (St. Louis, MO). M-CSF was purchased from R&D Systems.
Cells-The murine macrophage cell line RAW264.7 (RAW cells) was obtained from American Type Culture Collection (ATCC), and maintained in complete RPMI 1640 supplemented with 2 mM glutamine, 100 units/ml of penicillin and streptomycin and 10% FBS (Sigma, St. Louis, MO, endotoxin NMT 10.0 EU/ml). Mouse peritoneal macrophages were obtained by lavage 3 days after injection of sterile 3% thioglycolate broth (1 ml i.p. per mouse). Cells were washed and resuspended in complete RPMI medium. Macrophages were plated in 24 well tissue culture plates (1 × 10 6 cells/well). After 2 hour incubation to allow for adherence of macrophages, monolayers were washed three times to remove nonadherent cells and incubated with complete RPMI medium. The next day, IFN-γ (10 ng/ml) and LPS (1 µg/ml) were added for different times as indicated in the text. Mouse bone marrow derived macrophages (BMDMs) were generated from bone marrow cells obtained from mouse femurs. After lysis of red blood cells, 3 × 10 6 bone marrow cells were inoculated in 60 mm petridishes with complete RPMI culture medium in the presence of 10 ng/ml mouse recombinant M-CSF. M-CSF containing complete medium was replenished at day 3. After 7 day culture, the fully differentiated and matured BMDMs were used for experiments.
Plasmids-Murine IL-27 p28 promoter constructs were generated as described previously (43) . Expression vectors IRF-8 and control LK440 were originally provided by Dr. Keiko Ozato (NIH). Expression vector pAct-1 (IRF-1) and control pAct-C were generously provided by Dr. T. Taniguchi (University of Tokyo, Japan). NF-кB plasmids were provided originally by Dr. Kenneth M. Murphy (Washington University in St. Louis). All plasmid DNA were prepared with QIAGEN Endo-free Maxi-Prep kits (QIAGEN).
Retroviral packaging and transduction-GP2-293 packaging cells (Clontech) at 60~70% confluency in 100-mm culture plates were transfected with 5 µg of each plasmid (pVSV-G and IRF-8 or MyD88) using FuGENE 6 (Roche). Two days after transfection, supernatants were collected and centrifuged at 1,000 × g for 10 min to remove cell debris, followed by ultra-speed centrifugation at 50,000 × g for 90 min to pellet the virus. The pelleted viruses were resuspended overnight at 4°C in 100 µl of 50 mM Tris-HCl, pH 7.8, 130 mM NaCl and 1 mM EDTA. Bone marrow cells were infected with retrovirus by guest on July 16, 2017 http://www.jbc.org/ Downloaded from containing supernatant at day 2 during their maturation in the presence of M-CSF. On day 7, mature macrophages were stimulated by IFN-γ or LPS with fresh complete medium for 5 h, followed by RNA isolation to detect mRNA expression by RT-PCR.
Reverse transcription-PCRReversetranscription (RT) reactions were carried out as follows: 1 µg aliquots of total RNA were mixed with 1 µl oligo dT primers (0.5 mg/ml), 1 µl 10 mM dNTPs and ddH 2 Quantitative real-time PCR-To determine the levels of mRNA expression by quantitative real time PCR (qRT-PCR), we used a modified protocol. Briefly, cDNA samples converted from 1 μg of total RNA, were diluted and studied at several concentrations. Diluted cDNA was mixed with a pair of primers (10 μM) targeting mouse p28, IRF-8, IRF-1 or GAPDH cDNA sequences as described above, and with SYBR green PCR master mix (Applied Biosystem, CA) in a 15 μl volume. PCR cycling was as followed as: 2 min at 50°C, 10 min at 95°C for 1 cycle, followed by 40 cycles at 15 sec at 95°C, 1 min at 60°C.
Enzyme-linked immunosorbent assays (ELISA)-Supernatants from murine peritoneal macrophage cultures were harvested at 24 h after IFN-γ and LPS stimulation and stored at -70°C. Mouse IL-27 p28 was detected using Quantikine ELISA kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. Concentrations were calculated by regression analysis of a standard curve.
Transfection assay-Transient transfections were performed by electroporation. Briefly, for each condition 0.4 ml of a RAW cell suspension containing 1 × 10 7 cells was mixed with 16 µg of total DNA (including reporter, effector, internal control and carrier DNA) and electroporated in 0.45 cm electroporation cuvettes (Gene Pulser II, Bio-Rad Laboratories, Hercules, CA) at 975 microfarade and 300 V in RPMI 1640 medium without serum. The transfected cells from different cuvettes were resuspended in RPMI 1640 containing 10% FBS, 2 mM glutamine, 10 µM chloroquine and antibiotics, and were added to 24 well plates and incubated for 48 h prior to harvesting. To measure luciferase activity, cells were pelleted by centrifugation and resuspended in 100 µl of lysis buffer containing 125 mM Trisphosphate pH 7.8, 10 mM DTT, 10 mM 1-2-diaminocyclohexane-tetraacetic acid, 50% glycerol, 5% Triton-X 100. Luciferase activity was measured in cell lysates. Transfection efficiency was routinely monitored by β-galactosidase (β-gal) assay by co-transfection with 3 µg of pCMV-β-galactosidase plasmid. Variability in β-gal activity between samples was typically within 5%. Lysates were used for both luciferase and β-gal assays.
Nuclear extract preparation-Nuclear extracts for EMSA were prepared according to the methods of Schreiber et al. (46) . Briefly, 1 × 10 7 RAW cells were washed and resuspended in 400 µl buffer containing 10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF for 15 min on ice. Cells were lysed in 0.6 % NP-40 with inversion for 10 sec. The homogenate was centrifuged for 5 min and the nuclear pellet was resuspended in ice-cold buffer containing 20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF at 4°C for 30 min with rotating. Following centrifugation for 10 min, the supernatant was either used immediately or frozen at -70°C.
LightShift Chemiluminescent EMSAby guest on July 16, 2017 http://www.jbc.org/ Downloaded from LightShift Chemiluminescent EMSA was performed according to the manufacture's protocol (Pierce, Rockford, IL). Briefly, single strand wild type and mutant oligonucleotides were labeled with biotin using a Biotin 3' End DNA Labeling Kit (Pierce, Rockford, IL). Equal amounts of labeled and complementary oligos were annealed to prepare double-strand wild type and mutant probes by heating at 90°C for 2 min, followed by slowly cooling to room temperature for 30 min. The labeled double-strand probes were mixed with 10 µg crude nuclear extracts and incubated at room temperature for 20-30 min in the presence of 1 µg poly(dI-dC). The mixture was then fractionated through a 5% native polyacrylamide gel in 0.5 × TBE buffer for about 1 h at 100 V. The gel was transferred to positively charged nylon membrane at 4°C for 1 h at 100 V. When transfer was completed, the membrane was cross-linked at 120 mJ/cm 2 using a commercial UV-light crosslinker instrument equipped with 254 nm bulbs. Then, the membrane was blocked and applied with Streptavidin-Horseradish Peroxidase Conjugate (1:300 dilution) for 15 min, followed by thoroughly washing, and exposed to X-ray film after incubation with the chemiluminescence reagents. The X-ray film was developed according to the manufacture's instruction.
DNA affinity binding assay-Complementary biotinylated oligonucleotides encompassing the IRF-1 site in the mouse p28 promoter were synthesized and annealed. Two micrograms of biotinylated dsDNA were conjugated to 100 µl of streptavidin-bound magnetic beads (Dynabeads, M280, Dynal, Lake Success, NY) in binding/washing buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.1 M NaCl) for 30 min at room temperature. DNA-conjugated beads were then blocked by 0.5% BSA in TGEDN buffer (120 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.1 M NaCl, 1 mM DTT, 0.1% Triton X-100 and 10% glycerol) at room temperature for 1 hr. Beads were washed once in TGEDN buffer and resuspended in 50 µl of TGEDN. Ten microliters of beads conjugated to 2 µg of DNA were equilibrated with TGEDN buffer and incubated with 500 µg of RAW cell nuclear extracts and 20 µg of Herring sperm DNA (Sigma) at 4°C for 2 h. Beads were washed in TGEDN buffer, and bound materials were eluted in 20 µl of the same buffer supplemented with 0.5% SDS and 1 M NaCl. Eluted materials were separated by 12% SDS-PAGE and detected by immunoblot analysis using rabbit anti-IRF-1 or anti-IRF-8 Ab with the enhanced chemiluminescence kit (PerkinElmer Life Sciences Inc, Boston, MA).
Western Blotting-SDS-PAGE was performed with 40~100 µg of nuclear extracts. Gels were transferred to PVDF membranes and blocked in 5% nonfat milk in Tris buffer, pH 8.0. Primary antibody was added at the concentration of 1 µg/ml in Tris buffer containing 5% milk powder and left overnight at 4°C. After extensive washing, secondary antibody conjugated to horseradish peroxidase was added at a 1:5000 dilution in 5% milk. After extensive washing, blots were subjected to Enhanced Chemiluminescence detection (PerkinElmer Life Sciences Inc, Boston, MA).
Chromatin immunoprecipitation (ChIP) assay-The ChIP procedure was performed using an assay kit following the manufacturer's instructions (Upstate Biotechnology, Lake Placid, NY). Briefly, 1 × 10 7 peritoneal macrophages from wild type C57BL/6 mice were stimulated with IFN-γ (10 ng/ml) or LPS (1 µg/ml) for 2 h and then cross-linked by 1% formaldehyde for 10 min at 37°C. Nuclei were prepared and subjected to sonication to obtain DNA fragments ranging from 200-1000 bp. Chromatin fractions were precleared with protein A-agarose beads followed by immunoprecipitation overnight at 4°C with 3 μg of anti-IRF-8, anti-IRF-1 or control antibody. Crosslinking was reversed for 4 h at 65°C, followed by proteinase K digestion. DNA was purified and subjected to qRT-PCR. The input DNA was diluted 200 times prior to PCR amplification. The input and immunoprecipitated DNA were amplified by PCR using primers encompassing the IRF-RE in the mouse p28 promoter (5' primer: CCCTCT GGGAAGGGAAATTACGTT; 3' primer: CCTGTCAAACTTTCCCAACC).
siRNA-IRF-8 siRNA expression plasmids were generated by cloning the siRNA corresponding to the coding sequence of mouse IRF-8 gene (IRF-8 
RESULTS

IL-27 p28 expression is defective in IRF-8-deficient macrophages.
Our previous study demonstrated that IFN-γ-induced IL-27 p28 gene expression requires IRF-1 (43) . Since IFN-γ also activates IRF-8 expression, we wanted to know if IRF-8 plays a role in IFN-γ-induced p28 gene expression. Mouse peritoneal macrophages elicited from wild type (WT) or IRF-8 -/-mice were stimulated with IFN-γ, LPS or IFN-γ plus LPS for 24 h, followed by collection of culture supernatants for measurement of IL-27 p28 protein secretion by ELISA. Meanwhile, cells treated with these stimuli for 4 h were used for RNA isolation and p28 mRNA detection by quantitative real-time PCR. The results showed that both p28 protein secretion (Fig. 1A ) and mRNA expression (Fig.  1B) were almost completely abrogated in IRF-8 -/-macrophages compared to the WT cells in response to IFN-γ or LPS. To determine if the other subunit of IL-27, EBI3 is also regulated by IRF-8, we measured EBI3 mRNA expression from the same cDNA used for the p28 detection. Consistent with our previous finding that the p28 subunit is the limiting factor for making biological IL-27, EBI3 mRNA was only slightly induced by LPS or IFN-γ plus LPS in WT cells. In contrast to p28, the EBI3 mRNA expression was even increased in IRF-8 -/-cells (Fig. 1C) , suggesting that IRF-8 specifically controls p28 gene expression. Our data further confirm that IRF-8 was induced by IFN-γ and LPS signals and combination of these two signals further enhanced its expression in WT but not IRF-8 -/-macrophages (Fig. 1D) . Interestingly, combination of these two stimuli still induced a considerable amount of p28 protein production (Fig. 1A ) and p28 mRNA expression (Fig. 1B) Fig. 2A , IRF-8 -/-BMDM had greatly diminished responses to LPS, which, after reconstitution, were strongly enhanced compared to control retrovirus transduced cells, indicating a direct effect of IRF-8 on p28 gene expression. The p28 mRNA expression was further enhanced in reconstituted cells upon IFN-γ and LPS co-stimulation (Fig. 2  A) . To assess the levels of IRF-8 expression reconstituted by IRF-8 retrovirus, we measured the IRF-8 mRNA expression in cells transduced with control and IRF-8 retrovirus as well as in WT cells. The data showed that IRF-8 mRNA expression in deficient BMDMs was reconstituted to a level similar to wild type cells in response to LPS (~50 fold induction, Fig. 2B ), further supporting the important role for IRF-8 in LPSmediated p28 gene expression.
IRF-8 activates IL-27 p28 gene transcription. We next wanted to know if IRF-8 could induce p28 promoter activation. We transiently co-transfected a mouse p28 promoterluciferase construct with different amounts of IRF-8 expression vector into RAW cells by electroporation, followed by measurement of luciferase activity in cell lysates. As shown in Fig. by guest on July 16, 2017 http://www.jbc.org/ Downloaded from 3A, IRF-8 activated the p28 promoter in a dosedependent manner, indicating that IRF-8-mediated p28 gene induction is indeed regulated at the level of transcription. Moreover, cells co-transfected with the p28 promoter and the IRF-8 expressing vector showed enhanced promoter activities in response to IFN-γ and LPS treatments compared with cells co-transfected with the empty vector, LK440 (Fig. 3B) , further demonstrating that IRF-8 activates p28 gene transcription under both basal and inducible conditions.
MyD88 and NF-кB mediate LPS-induced IRF-8 and IL-27 p28 gene expression. Since LPS-induced p28 gene expression depended on IRF-8 (Fig. 1A) and IL-27 p28 production is regulated through both MyD88 dependent and independent pathways (42-43), we decided to look at the role of MyD88 in LPS-induced IRF-8 expression. The results showed that IRF-8 expression induced by LPS was significantly reduced in MyD88 -/-macrophages compared with WT control cells (Fig. 4A ) and reconstitution of MyD88 by lentivirus completely rescued the IRF-8 gene expression in MyD88
-/-cells to a level similar to WT control cells (Fig. 4B) , indicating a critical role of MyD88 in signaling LPS-induced IRF-8 expression. Since NF-кB plays critical roles in LPS-induced production of many proinflammatory cytokines and c-Rel has been shown by us and others to be important for IL-12 and IL-27 production (5,43), we next wanted to know if c-Rel was also involved in LPS-induced IRF-8 expression. The data indicated that NF-кB c-Rel only plays a partial role in LPS-induced IRF-8 expression since IRF-8 mRNA expression was reduced about 40% in c-Rel -/-cells treated with LPS or LPS plus IFN-γ (Fig. 4C) .
To determine if NF-кB mediated IRF-8-activated p28 gene transcription, we co-transfected IRF-8 and IкB-α mutant with the p28 promoter into RAW cells, followed by measurement of luciferase activity. IкB-α mutant can effectively block nuclear translocation of NF-кB and suppress NF-кB activation (43). Suppression of NF-кB led to complete abrogation of p28 gene transcription induced by IRF-8 (Fig. 4D&E ). There are four putative NF-кB binding sites in the p28 promoter, which are located at -3051/-3042 (NF-κB #1), -1230/-1221 (NF-κB #2), -1189/-1178 (NF-κB #3) and -1146/-1137 (NF-κB #4) in the p28 promoter.
We mutated each of these and designated them as mut1, mut2, mut3 and mut4 respectively (43) . To further explore the molecular basis of NF-кB-mediated p28 gene transcription in response to IRF-8 stimulation, we cotransfected IRF-8 expression plasmid with these four NF-кB mutant p28 promoters into RAW cells and treated these cells with or without LPS (Fig. 4F&G). Fig. 4F and G respectively presents fold inductions of p28 promoter activity in IRF-8 transfected versus LK440-transfected cells in unstimulated and LPSstimulated conditions, with the LK440-transfected cell responses set arbitrarily as 1. In fact, the raw luciferase activities were increased about 2 fold by LPS compared with untreated cells transfected with the control vector LK440. In cells transfected with IRF-8, the raw luciferase activities were further enhanced about 2.5 fold compared to LK440-transfected cells (data not shown). As shown in Fig. 4G , the luciferase activity was almost completely abolished in NK-кB mut1-transfected cells treated with LPS in the presence of over-expressed IRF-8, suggesting that this NF-кB site located between -3051 and -3042 in the p28 promoter is critical for LPS/IRF-8-mediated p28 gene transcription. To further determine which component of the NF-кB family mediated IRF-8-activated p28 gene transcription, we coexpressed NF-кB p65, p50 and c-Rel expression vectors with the p28 promoter and IRF-8, and stimulated the transfected cells with or without LPS. The data indicated that NF-кB p50 did not increase IRF-8-and LPS-induced p28 promoter activity, whereas c-Rel and p65 significantly enhanced p28 promoter activity in IRF-8-overexpressing cells stimulated with LPS (Fig. 4I) .
IRF-8 activates the p28 promoter in synergy with IRF-1 through the IRF-1 response element. To elucidate the molecular basis of IRF-8-mediated transcriptional induction of p28, we decided to localize the functional IFN-γ/IRF-8 response element in the p28 promoter. Several 5' deletion constructs of the p28 promoter were transiently co-transfected with the IRF-8 expression vector or empty control vector into RAW cells, followed by measurement of luciferase activity in cell lysates. As shown in Fig.  5A , the responses to IRF-8 were similar among all 5' deletion constructs except the minimal construct -40, which completely lost responsiveness to IRF-8, indicating that a major IRF-8 response element (RE) in the p28 promoter was likely located between -140 and -40. Since our previous study identified an IRF-1 RE localized to this region at -57/-48, we reasoned that IRF-8 may activate the p28 promoter through this IRF-1 binding site. Then, we transiently co-transfected the wild type and IRF-RE mutant p28 promoter constructs with the IRF-8 expression or empty vectors into RAW cells, followed by measurement of luciferase activities. As shown in Fig. 5B , the response of the mutant promoter to over-expressed IRF-8 was completely abolished compared to the response detected with the wild type promoter. This was true in transfected cells stimulated with IFN-γ as well (Fig. 5C ). These results indicate that this IRF-1-RE is critical for responsiveness of the p28 promoter to both IRF-8 and IRF-1.
Considering the above data that IRF-1 and IRF-8 both activated the p28 promoter through the same site, we were interested to know if IRF-1 and IRF-8 could activate the p28 promoter synergistically. The IRF-1 and IRF-8 expression vectors or their empty control vectors PACT-c and LK440 were transiently co-transfected with the WT and IRF-RE mutant p28 promoter constructs into RAW cells for luciferase measurement. As shown in Fig. 5D , IRF-1 and IRF-8 each individually activated the WT p28 promoter, with the former causing ~3 fold induction and the latter causing ~2 fold induction, indicating a stronger effect of IRF-1 than IRF-8 on p28 promoter activation. Moreover, co-transfection of both plasmids additively activated the p28 gene transcription associated with the WT promoter but not the IRF-RE mutant promoter construct, demonstrating that IRF-8 and IRF-1 indeed work together to activate the p28 promoter through the same IRF-RE (Fig. 5D) . To further understand the additive effects between IRF-1 and IRF-8 on p28 gene transcription, we transfected the RAW cells with either a fixed amount of IRF-8 plus various amounts of IRF-1 or vice versa. The results confirm that IRF-1 and IRF-8 indeed additively activated the p28 promoter (Fig. 5E&F) .
IRF-8 binds to the p28 promoter both in vitro and in vivo. To further explore the molecular mechanisms of whether IRF-8-mediated p28 gene transcription is a direct or indirect event, we performed EMSA using nuclear extracts isolated from RAW cells stimulated with IFN-γ or LPS using a sequence of the p28 promoter harboring either WT or mutant IRF-RE as probes. As shown in Fig. 6A , there was one major nuclear DNAbinding complex formed with the wild type probe. More importantly, the intensity of this complex was significantly increased upon IFN-γ but not by LPS treatment. The latter is because this region in the p28 promoter only contains IFN-γ but not LPS response element. This binding activity was completely abolished with the IRF-RE mutant probe, indicating the binding specificity. The competition EMSA further confirmed the sequence specificity of the binding to the p28 promoter because the binding was completely competed by WT cold probe but not the mutant cold probe (Fig. 6B) . To further determine if IRF-8 was a part of the DNA-nuclear protein binding complex, we performed a "supershift" experiment with several IRF antibodies. As shown in Fig. 6C , this DNA-nuclear protein complex indeed contained IRF-8 as an anti-IRF-8 antibody (as indicated by arrow) but not IRF-3-and IRF-7-specific antibodies was able to retard its mobility. Consistent with our previous study (43) , IRF-1 was apparently a major component in the complex since anti-IRF-1 antibody caused a markedly supershifted band (Fig. 6C) . Since IRF-8 was shown to bind weakly to the p28 promoter in the supershift assay (Fig. 6C) , we performed an alternative DNA affinity binding assay to further confirm the IRF-8 binding. The binding nuclear proteins were pull-downed by immunoprecipitation with biotin-labeled probe containing the IRF-RE, followed by detection of the binding proteins by western blot. As shown in Fig. 6D , antibodies against both IRF-1 and IRF-8 detected an IFN-γ responsive band, with stronger binding intensity displayed with anti-IRF-8 than anti-IRF-1 antibody. We do not know yet the reason for these different binding patterns between conventional EMSA and DNA affinity binding assay. Nevertheless, both experiments (Fig.  6C&D ) demonstrate that both IRF-8 and IRF-1 bind to the p28 promoter in vitro.
Our data indicate that the binding activity following IFN-γ stimulation was predominantly composed of IRF-1. Thus, it is important to know if IRF-1 binds to the same site in the p28 promoter in IRF-8 deficient cells. We designed two IRF-8 siRNAs, cloned them into a pSUPPER vector, and validated their silencing efficiency by testing IRF-8 protein expression. The western blot data ( (Fig. 6G) .
IL-27 p28 production is decreased in IRF-8 -/-mice challenged with LPS. To further confirm the inductive role of IRF-8 in IL-27 p28 production in vivo, we employed an endotoxic shock model by injecting LPS intraperitoneally as previously described (47) . As shown in Fig. 7A , LPS induced significant amounts of IL-27 p28 in the serum of WT mice, whereas the levels of p28 were decreased about 65% in IRF-8 -/-mice. Consistent with the reduced protein expression, the p28 mRNA expression was also decreased ~70% in the spleens of IRF-8 -/-mice compared with WT mice (Fig. 7B) , suggesting a critical role for IRF-8 in IL-27 p28 production during host defense against microbial infection. In addition, our data showed that IRF-8 mRNA expression was induced by LPS in WT but not in IRF-8 -/-mice in this endotoxic shock model (Fig. 7C) (51), which make it an important immunomodulator for induction of host responses against invasive pathogens and for prevention of host tissue damage from excessive immune action (18) .
In this study, we found that IRF-8 plays an essential role in IL-27 p28 production in that p28 mRNA expression and protein production were completely abolished in IRF-8 deficient macrophages in response to IFN-γ stimulation (Fig. 1A&B) . In contrast with IRF-1 deficiency that resulted in only moderate reduction of p28 expression in response to LPS (43) , p28 mRNA expression and protein production were significantly impaired in IRF-8 deficient cells (Fig. 1A&B) , suggesting broader effects of IRF-8 than IRF-1 on IL-27 regulation. Consistent with our previous report that the p28 subunit controls biological IL-27 production (43), EBI3 was only slightly induced upon IFN-γ and LPS stimulation, and its expression did not require IRF-8 (Fig. 1C) . It is worth noting that the levels of p28 expression did not correlate with the levels of IRF-8 expression induced by IFN-γ and LPS in that higher induction of IRF-8 induced by IFN-γ did not lead to higher p28 expression (Fig. 1D) . This phenomenon suggests that LPS-triggered pathways such as NF-кB in cooperation with LPS- induced IRF signals such as IRF-8 induce much more robust IL-27 p28 production than only IFN-γ/IRF signals, which further indicates the importance of NF-кB in p28 gene expression. Interestingly, combination of IFN-γ and LPS treatments could partially rescue the defect in p28 production in IRF-8 deficient cells (Fig. 1A) , suggesting that other molecules induced by costimulation with these two stimuli can partially compensate for the deficiency of IRF-8. It might be possible that other IRF members such as IRF-1 may be involved in compensating for the IRF-8 deficiency. To address this possibility we measured the IRF-1 mRNA expression in IRF-8 -/-cells. The data indicated that IRF-1 could still be induced by LPS or IFN-γ plus LPS in IRF-8 -/-cells but to reduced levels compared with WT cells (Supplemental Fig. 1A ). Silence of IRF-8 by siRNA in macrophages only slightly affected the IRF-1 binding to the p28 promoter (Fig. 6F) . In addition, the ChIP assay demonstrated that both IRF-1 and IRF-8 bound to the p28 promoter (Fig.  6G) . Collectively, these data suggest that the IRF-1 induced by LPS or LPS plus IFN-γ in IRF-8 -/-cells might be responsible for the partially rescued p28 gene expression in IRF-8 deficient cells.
Previous studies reported that reconstitution of IRF-1 in IRF-1 -/-BMDMs could not rescue the impaired p28 expression (43) , suggesting that other developmental factors affected by IRF-1 deletion might be required for p28 expression. To elucidate if IRF-8 is the factor responsible for p28 expression, we reconstituted IRF-8 by retroviral transduction in IRF-8 deficient BMDMs. Our data demonstrate that reconstitution of IRF-8 rescued p28 mRNA expression in IRF-8 deficient cells (Fig. 2A) . We notice that without IFN-γ and LPS stimulation the IRF-8 expression was relatively low in cells reconstituted with the IRF-8/retrovirus, similar to the levels of IRF-8 expression in untreated WT cells (Fig. 2B) . This low level of IRF-8 expression could not induce measurable amounts of p28 expression ( Fig. 2A  and Fig. 1A) . However, after treatment with LPS or IFN-γ plus LPS, the levels of IRF-8 mRNA expression were enhanced in IRF-8-reconstituted cells to levels similar to wild type cells (Fig. 2B) . The reason why IRF-8 in the retroviral vector needs to be induced to reach its maximal expression is currently unknown. But the same phenomenon with this vector was also reported by other labs (52) . It is possible that the IRF-8 delivered by retrovirus randomly integrated into a genome harboring a transactivator which responded to LPS stimulation. This is not suppressing because in the reconstitution experiment we used macrophages which are highly responsive to LPS. Another possibility might be that the 5'-LTR of murine stem cell virus (MSCV) in the vector responded to factors induced by LPS in macrophages that indirectly activate the IRF-8 expression. It will be interested in figuring out the exact reasons of the inducibility of inserted genes in this vector in future study.
Consistent with the impression that IL-27 p28 gene expression is regulated at the level of transcription, forced-expression of IRF-8 dosedependently activated the p28 promoter (Fig. 3A) . Furthermore, the responses of the p28 promoter to IFN-γ and IFNγ plus LPS stimulation were significantly increased in IRF-8-transfected RAW cells (Fig. 3B) . Taken together, it seems that both IRF-1 and IRF-8 regulate the p28 gene expression at the level of transcription.
So far, most studies focus on IRF-8 targeting genes and relatively little has been reported on how IRF-8 is regulated. The broader effects of IRF-8 than IRF-1 on IL-27 p28 gene expression made us wonder if the LPS signaling pathway also mediated IRF-8 expression. Our data showed that LPS activated IRF-8 gene expression through adaptor protein MyD88, which has never been reported before (Fig. 4A&B) . MyD88-mediated IRF-8 expression may act through interaction with the IFN-receptor 1 chain that triggers IFN-γ signaling leading to IRF-8 expression (53) . NF-кB c-Rel partially mediated LPS-induced IRF-8 expression (Fig. 4C) , suggesting that other members of the NF-кB family such as p65 may also contribute to LPS-induced IRF-8 expression. It has been reported that IRF-8 could induce NF-кB activation in that NF-кB activation induced by TLR9 agonist CPG was completely abolished in IRF-8 -/-DCs as a result of inability of phosphorylation of IкB-α/β in the absence of IRFblockade of NF-кB signaling by IкB-α mutant completely abolished both IRF-8 and LPS-induced p28 gene transcription (Fig. 4D&E) , further confirming the role of NF-кB in IRF-8-induced p28 gene expression. Our data also indicate that a previously identified NF-кB binding site in the p28 promoter (43) mediated LPS-and IRF-8-induced p28 promoter activity (Fig. 4G) but not to IRF-8 alone (Fig. 4F) . This is not surprising because IRF-8 is a much weaker inducer for NF-кB activation compared to LPS and its effect is mainly mediated through the IRF-RE in the p28 promoter. Co-transfection of IRF-8 with different components of the NF-кB family, which mimic LPS-signaling, indicates that NF-кB p65 and c-Rel mediated p28 gene expression (Fig. 4H&I) . Taken together, our data demonstrate that MyD88 mediates LPS-induced IRF-8 expression, which in turn activates NF-кB and induces IL-27 p28 gene expression.
By mapping the IRF-8 response element in the p28 promoter, we found that the IRF-8 RE seemed to be localized between -140 and -40 region of the p28 promoter, where exactly the IRF-1 RE was previously identified (43) . This made us think that IRF-8 might act through the IRF-1 site to regulate p28 gene activation. Indeed, the response of the p28 promoter to IRF-8 was completely abrogated in the IRF-1-RE-mutant p28 promoter. Since IRF-1 and IRF-8 could physically interact with each other to form a heterodimer (15) , these data promoted us to further investigate if these two IRF members could synergistically activate the p28 promoter through the same site. Consistent with the earlier data and the previous study, IRF-8 and IRF-1 both activate the p28 promoter (Fig. 5D) . Co-transfection of IRF-8 with IRF-1 or vice versa resulted in an additive effect on p28 promoter activation (Fig. 5E&F ). More importantly, the additive effects were completely abolished in IRF-RE-mutant p28 promoter (Fig. 5D) , demonstrating that IRF-8 and IRF-1 work together to activate p28 gene transcription.
Our previous studies showed that IRF-1 bound to the p28 promoter both in vitro and in vivo (43) . Next, we wanted to know if IRF-8 could also physically bind to the p28 promoter. The EMSA data clearly showed an IFN-γ inducible binding with the WT p28 promoter probe (Fig. 6A) . This binding was completely abolished when used the IRF-RE-mutated probe (Fig. 6A) and competed by the cold WT probe (Fig. 6B) , indicating a sequence specificity of the binding. A supershift assay further demonstrated that IRF-8 is a member of the binding complex (Fig. 6C) . Interestingly, IRF-1 appeared to be the major component of the complex since an anti-IRF-1 antibody supershifted the majority of the binding complex (Fig. 6C) . However, when we use an alternative approach, DNA affinity binding assay, to confirm the binding, it appeared that the binding intensity of IRF-8 to the p28 promoter was stronger than IRF-1 (Fig. 6D) . The difference of binding between these two assays might be due to a conformation change of the complex or alteration of the epitopes. By using siRNA to silence IRF-8 expression, we are able to test whether IRF-8 deficiency could affect the IRF-1 binding. Our results indicate that IRF-1 binding to the p28 promoter is partially dependent on IRF-8 since IRF-1 binding was reduced in IRF-8-silenced cells (Fig. 6F ). This is not surprising since IRF-1 expression was reduced in IRF-8 -/-cells (Supplemental Fig. 1A) , and previous studies showed that IRF-8 and IRF-1/2 interact with each other to enhance DNA binding activity (15, 56) . Interestingly, the IRF-8 mRNA expression appeared less affected by IRF-1 deficiency (Supplemental Fig. 1B) , supporting the idea that IRF-8 may have broader effects than IRF-1 on immune responses. In addition, the ChIP assay clearly demonstrated a strong IRF-8 and IRF-1 in vivo binding to the p28 promoter at the IRF-RE region (Fig. 6G) .
Cytokine production in vitro may not reflect overall responses in vivo that may determine the final outcome of immune responses to pathogens during infection. Therefore, we decided to test the levels of IL-27 p28 in serum between WT and IRF-8 -/-mice challenged with LPS, a model of endotoxic shock. The levels of p28 protein in serum were significantly lower in challenged IRF-8 -/-mice compared with WT mice. The impaired p28 protein secretion correlated with decreased mRNA expression in the spleens of IRF-8 -/-mice. Since IRF-8 is an inducible gene and has low basal transcription, there was not much difference in IRF-8 expression between knockout mice and WT mice under unstimulated condition. However, after treatment with LPS, IRF-8 expression was induced only in WT but not IRF-8 knockout mice. Given the fact that macrophages are the major producer of IL-27, these data suggest that during endotoxic shock the reduced p28 production in IRF-8 -/-mice may be due to a defect of p28 production in macrophages.
Based on our studies and others, we propose a model that represents the molecular events that lead to IL-27 production by antigen-presenting cells (Fig. 8) . During the innate phase of an immune response, microbial antigens activate the NF-кB pathway via Toll-like receptors (TLR4 for LPS) in a MyD88-dependent manner. Activated NF-кB alone stimulates moderate transcription of IL-27 p28 gene, primarily through c-Rel and p65 and low amounts of IRF-8 as well. The initial small amount of IL-27 is able to stimulate NK and Th1 cells to produce IFN-γ. IFN-γ then induces robust IRF-1 and IRF-8 expression, which bind to the p28 promoter, resulting in much greater levels of p28 transcription and IL-27 production. Combinations of signals derived from innate and adaptive immune events stimulate synergistically the production of IL-27 and sustain the inflammatory response as well as cell-mediated immunity against pathogens. 6 RAW cells were stimulated with IFN-γ for 4 hrs followed by isolation of nuclear extract for DNA affinity binding assay. 500 μg of nuclear extract per condition was used for the assay. The bound proteins were analyzed by western blot using both anti-IRF-1 and anti-IRF-8 antibodies. Data shown are one of two experiments with similar results. (E) 8 μg of scramble siRNA plasmid, IRF-8 siRNA #1 and #2 plasmids were transfected into RAW cells by Lipofectamine. 48 hrs later, the transfected cells were stimulated with or without IFN-γ for 4 hrs, followed by nuclear extraction. 100 μg of nuclear extract per condition was used for western blot with an anti-IRF-8 antibody (upper panel). The IRF-8 is indicated by an arrow. The blot was stripped and re-analyzed with an anti-PU.1 antibody (lower panel). (F) 10 μg of nuclear extract per condition was used for EMSA as described previously, and 2 μg of anti-IRF-1 antibody and its control IgG were used to perform the supershift assay. (G) 10 × 10 6 WT mouse peritoneal macrophages were treated with IFN-γ (10 ng/ml), LPS (1 µg/ml) and IFN-γ plus LPS for 2 h, followed by performing ChIP analysis according to the manufacture's protocol. 3 µg of anti-IRF-8 antibody, anti-IRF-1 antibody and control IgG were used in the i.p. step. The control antibody was an isotype-matched IgG. Data were normalized relative to input in each respective sample and further normalized to the sample from the un-treated group, which was set as 1. FP: free probe, Mut probe: mutant probe, UD: undetectable. Figure 7 . IL-27 p28 production is reduced in IRF-8 -/-mice during endotoxic shock. Four female IRF-8 -/-mice and their littermates (aged 6~8 week old) were injected with LPS (200 µg/per mouse) intraperitoneally. Four hours after LPS injection, mice were sacrificed and serums were collected for measurement of IL-27 p28 protein production by ELISA (A). Meanwhile, spleens were used to extract total RNA for measurement of IL-27 p28 (B) and IRF-8 (C) mRNA expression by qRT-PCR. Data were normalized relative to GAPDH mRNA expression levels in each respective sample and further normalized to the sample from the un-treated group, which was set as 1. Mice injected with PBS were served as controls. *: p< 0.05 between groups of WT and IRF-8 -/-mice after LPS treatment. Figure 8 . Schematics of the role of IRF-8 in IL-27 production. LPS and IFN-γ induce IL-27 p28 gene expression and IL-27 production in macrophages through MyD88/NF-кB and JAK/STAT/IRF1/IRF8 signaling pathways either alone or together. See "Discussion" for more detailed explanation. CM, cytoplasmic membrane; NM, nuclear membrane; RE, response element. 
